Abstract. Colorectal cancer is a commonly observed malignant cancer. However, the limited therapies for colorectal cancer do not bring much benefit for patients. Chondroitin synthase-1 (CHSY1) is an enzyme responsible for the biosynthesis of chondroitin sulfate and has been implicated in the tumorigenesis of several cancer types; however, there is limited information regarding the role of CHSY1 in colorectal cancer. In the present study, CHSY1 was demonstrated to be highly expressed in colorectal cancer tissues and in cell lines, and the CHSY1 expression level was associated with the 5-year survival rate of patients with colorectal cancer. Following CHSY1 knockdown, the proliferation of colorectal cancer cells was significantly decreased. The number of RKO cells decreased by 50% following CHSY1 knockdown compared with that in the control after culture for 5 days. However, the apoptosis rate of RKO cells increased to 14.15% after CHSY1 knockdown. In addition, the activity of caspase-3/7 was also enhanced. Furthermore, the expression of B-cell lymphoma 2 (Bcl-2) was reduced, whereas the levels of Bcl-2-associated X protein (Bax) and truncated caspase-3/7 were increased following CHSY1 knockdown. Additionally, the phosphorylation level of IκB and the expression of nuclear factor (NF) κB also decreased. In contrast, forced expression of CHSY1 increased the level of Bcl-2, NFκB, and phosphorylated IκB, whereas the level of bax and truncated caspase-3/7 decreased. Therefore, the data of the present study suggest that CHSY1 promoted cell proliferation by regulating NFκB signaling and suppressed cell apoptosis by regulating/caspase-3/7 signaling in colorectal cancer. The present study also suggests that CHSY1 may be a potential target for colorectal cancer therapy.
Introduction
Chondroitin sulfate (CS) is a class of glycosaminoglycan (GAG), which is mainly present in the extracellular matrix and on the cell surface (1) . CS plays very important roles in morphogenesis and tissue development (2) . CS also shows an immunomodulatory effect and has been reported to be involved in tumor progression (3, 4) . For example, in colorectal cancer, the GAG disaccharide content and composition were altered (5) . Additionally, in endometrial epithelial cancer, CS promoted cell proliferation and migration (3) . Chondroitin synthase-1 (CHSY1) is one of the six enzymes responsible for the biosynthesis of CS in mammalian cells (6) . CHSY1is a protein with 802 amino acids and is located in the chromosome 15q26.3 region. CHSY1 is important for normal development. For example, the methylation level of CHSY1 is associated with T cell differentiation (7) . CHSY1 is also necessary for bone development (8) , and loss of CHSY1 causes temtamy preaxial brachydactyly syndrome (9) .
However, evidence suggests an oncogenic function of CHSY1 during tumorigenesis. For example, CHSY1 is required for the interaction of myeloma cells with osteoclasts (10) . The abnormal expression of CHSY1 has been found in malignant soft tissue sarcomas (11) . Furthermore, knockdown of CHSY1 increased the expression of JAG2, a critical molecule in glioblastoma cells (12) . Forced expression of CHSY1 enhanced cell migration, invasion, and EMT in hepatocellular carcinoma (13) . As a result, CHSY1 was proposed to promote tumor progression. However, in colorectal cancer, CHSY1 expression showed a significant increase in stage I tumor tissues compared to that in the normal control group. In stage II or III tumor tissues, expression of CHSY1 was comparable or slightly lower than that in control tissues (14) . However, the actual function of CHSY1 in colorectal cancer remains unknown.
According to cancer reports by Chen, colorectal cancer is one of the most four malignant cancers in China. The estimated number of new cases was 376,300 and the number of new deaths was ~191,000 (15) . Colorectal cancer is also a CHSY1 promoted proliferation and suppressed apoptosis in colorectal cancer through regulation of the NFκB and/or caspase-3/7 signaling pathway common malignant cancer in the USA. As reported, both the new incidence and new mortality of colorectal cancer patients accounted for ~8% of all cancers in 2017 (16) . Furthermore, the 5-year survival rate of metastatic colorectal cancer patients was <15% (17) . However, surgical resection remains the most commonly used therapy for colorectal cancer (17) . Unfortunately, ~50% of colorectal cancer patients undergo recurrence and metastasis following surgery (18) . Therefore, it is necessary to determine the mechanisms underlying colorectal cancer and develop new strategies to win the war against colorectal cancer. In this study, to investigate the role of CHSY1 in colorectal cancer, we determined the clinical level of CHSY1 in tumor tissues and evaluated the effects of CHSY1 on cell growth and cell apoptosis. Then, we demonstrated that nuclear factor (NF) κB and caspase-3/7 signaling were regulated by CHSY1.
Materials and methods
Cell lines and cell culture. Human colorectal cancer cell lines, including RKO, HCT116, SW480 and the human immortal colon epithelial cell line NCM460, were obtained from the Shanghai Cell Bank of Chinese Academy of Science (Shanghai, China) and maintained in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Sangon Biotech, Shanghai, China), 100 units/ml penicillin and 0.1 mg/ml streptomycin at 37˚C in a 5% CO 2 incubator.
Patient tissues and ethics statement.
A total of 21 tumor tissues and the adjacent normal tissues were collected from Jiangxi Province People's Hospital (Nanchang, China) between 2009 and 2012.
All study procedures were approved by the Institutional Review Board of Jiangxi Provincial People's Hospital, and a written informed consent form was collected from each patient.
Immunohistochemistry assay (IHC).
The IHC assay was carried out as report before (19) . Briefly, tissue sections of 4 µm were deparaffinized, rehydrated, and subjected to antigen retrieval by boiling in sodium citrate buffer (10 mmol/l; pH 6.0). Then the sections were incubated with CHSY1 primary antibody (ab153813; 1:400 dilution; Abcam, Cambridge, MA, USA) for 60 min at room temperature and stained with 3,3-diaminobenzidine followed by counterstaining with hematoxylin and mounted. The stains were scored according to: (a) percentage of immune-positive cells, 1, 0-30%; 2, >30-70%; 3, >70%; and (b) staining intensity, 1, weak; 2, moderate and 3, strong. The final score of each slide was (a) x (b).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and cDNA was synthesized with a PrimeScript First Strand cDNA Synthesis kit (Takara, Dalian, China) according to the manufacturer's instructions. Next, 1 µl of cDNA was used as a template for the RT-qPCR assay with SYBR Green reagent on a 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The primers designed for CHSY1 gene were as follows:
Forward, 5'-GCT ATC ACA TTA CAC CCC AAC A-3' and reverse, 5'-AAC TCC CAT TCC AGA ATC TCC T-3' GAPDH was selected as an internal control and the primers were as follows: Forward, 5'-TGA CTT CAA CAG CGA CAC CCA-3' and reverse, 5'-CAC CCT GTT GCT GTA GCC AAA-3'
The protocol for RT-qPCR was as follows: Denaturation at 95˚C for 20 sec, (denaturation at 95˚C for 5 sec, extension at 60˚C for 30 sec) for 40 cycles.
The expected PCR products of CHSY1 and GAPDH were 236 and 121 bp, respectively. All samples were examined in triplicate. The relative level of the target gene was calculated using the 2 -ΔΔCq as described previously (20) . The expression level of CHSY1 was considered as high when the fold change of CHSY1 in tumor tissues vs. that in normal control was >2. Otherwise, it was considered as low.
Construction of recombinant lentiviral vector and transduction.
The shRNA fragment targeting human theCHSY1 gene (GenBank no. NM_014918) was designed, synthesized, and inserted into a lentivirus expression plasmid pGV115-GFP. The shRNA sequence was as follows: 5-ACA TTG TCA TGC AGG TCA T-3. Then, the lentivirus particle carrying this shRNA fragment (shCHSY1) was prepared.
After the lentivirus particle was prepared, approximately 2x10 5 RKO cells/well were cultured in 6-well plates and infected with shCHSY1 lentivirus or control lentivirus (shCtrl) at a multiplicity of infection (MOI) of 20. Then, the treated cells were incubated in a 5% CO 2 incubator at 37˚C for 5 days. After 72 h of infection, cells were observed under a fluorescence microscope (MicroPublisher 3.3RTV; Olympus, Tokyo, Japan). After 5 days of infection, the knockdown efficiency of CHSY1 was determined using RT-qPCR and western blotting technologies.
Cell proliferation assay. Cell growth viability was monitored on a Cellomics ArrayScan™ VT1 HCS automated reader (Cellomics Inc., Pittsburgh, PA, USA). Briefly, RKO cells infected with lentivirus were seeded into 96-well plates (2,000 cells/well) and incubated for 5 days at 37˚C in a 5% CO 2 incubator, and the cell number was calculated each day for 5 days according to the GFP expression intensity. Each experiment was performed in triplicate.
MTT assay. SW480 cells or RKO cells treated with shCHSY1 lentivirus or shCtrl were seeded into 96-well plates at 6,000 cells/well and cultured for 48 h at 37˚C in a 5% CO 2 incubator. Then MTT reagent (5 mg/ml; Sangon Biotech) was added into each well and cultured for another 4 h. The absorbance value at 490 nm was detected on a microplate spectrophotometer.
Apoptosis analysis. The cell apoptosis rate was determined with Annexin V-APC staining by flow cytometry. Briefly, RKO cells (5,000 cells/well) were cultured in 6-well plates. After 48 h of lentivirus infection, cells were collected and washed twice with ice-cold PBS. Then, cells were adjusted to 1x10 6 /ml with 1X staining buffer (Sangon Biotech), of which 100 µl of the cell suspension was stained with 5 µl Annexin V-APC (BD Biosciences, San Diego, CA, USA) for 15 min at room temperature in the dark. Then, the cells were analyzed on a flow cytometer. Each experiment was performed independently three times.
Caspase-3/7 activity assay. To detect the activity of caspase-3/7, we seeded the RKO cells into 96-well plates and infected them with the lentivirus as described above. After infection for 48 h, the activity of caspase-3/7 was determined with a Caspase-Glo 3/7 kit (Promega Corp., Madison, WI, USA) according to the manufacturer's instructions.
Western blot analysis. After 48 h of lentivirus infection, approximately 1x10
6 cells were collected and lysed with lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% SDS, 1 mM EDTA, and 1% NP-40) containing 1 mM PMSF (Sangon Biotech) for 30 min on ice. Then, the lysates were centrifuged at 10,000 x g for 10 min at 4˚C, and the supernatants were collected. The protein concentration was determined using a BCA Protein Assay kit (Generay, Shanghai, China). Then, approximately 10 µg of protein was separated on a 10% SDS-PAGE gel and transferred to a polyvinylidenedifluoride (PVDF) membrane.
PVDF membranes were incubated with mouse anti-CHSY1 (1:200 dilution; ab153813), anti-NFκB p105/p50 (1:300 dilution; ab131546), anti-B-cell lymphoma 2 (Bcl-2; 1:500 dilution; ab32124), anti-truncated caspase-3/7 (1:1,000 dilution; ab2302), anti-Bcl-2-associated X protein (Bax; 1:400 dilution; ab182733; Abcam), anti-Pi-IκB (1:200 dilution; sc8404), or anti-GAPDH antibody (1:1,500 dilution; sc47724; Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4˚C overnight. Then, the PVDF membranes were subsequently incubated with a horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (1:1,500 dilution; sc2005) or goat anti-rabbit IgG (1:1,200 dilution; sc2030; Santa Cruz Biotechnology) at 37˚C for 1 h and detected with the EasyBlot ECL kit (Sangon Biotech).
Statistical evaluation. For in vitro experiments, statistical analyses were performed with SPSS 16.0 (SPSS, Chicago, IL, USA). Data are expressed as the mean ± SD. Raw data was subjected to Independent Samples t-test to analyze the difference between group shCtrl and shCHSY1. The difference between multiple groups was analyzed by one-way ANOVA/post hoc Tukey Test. The difference of CHSY1 expression between tumor tissues and adjacent normal tissues was analyzed with paired Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
For the association analysis of CHSY1 expression with the prognosis of patients, the Kaplan-Meier method was used, and a log-rank test was employed to analyze the difference. P<0.05 was considered to indicate a statistically significant difference.
Results

CHSY1 is clinically associated with colorectal cancer.
To explore the relationship of CHSY1 with colorectal cancer, we collected a total of 21 tumor samples and adjacent normal samples. Then, the level of CHSY1 was detected using the RT-qPCR method. As shown in Fig. 1A , CHSY1 was more highly expressed in tumor samples than in adjacent normal samples. IHC staining also demonstrated that CHSY1 was expressed highly in tumor tissues and was weak in the adjacent normal control (Fig. 1B and Table I ). Furthermore, higher CHSY1 expression was associated with a poorer prognosis, such that the 5-year survival rate of patients with high CHSY1 (tumor: Normal ≥2) was significantly lower than those with low CHSY1 expression (tumor: Normal <2) (20% vs. 45%) (Fig. 1C) . In addition, we found that CHSY1 was more highly expressed in colorectal cancer cell lines, including RKO, HCT116, and SW480, than in NCM460 cells, a human colon epithelial cell (Fig. 1D) . Therefore, CHSY1 was clinically associated with colorectal cancer.
CHSY1 was successfully knocked down by lentivirus-mediated
shRNA in colorectal cancer cells. The lentivirus vector was an efficient tool to carry a particular gene into cells and was applied extensively. To reduce the expression of CHSY1 in the RKO cell line, we synthesized a shRNA fragment targeting CHSY1 (shCHSY1) and the negative control (shCtrl) and prepared lentivirus particles carrying shCHSY1 or shCtrl. Because GFP was a tag in the lentivirus vector, the infection efficiency of shCHSY1 in RKO cells could be monitored directly under a microscope. As shown in Fig. 2A , the prepared lentivirus particles efficiently infected RKO cells. And CHSY1 expression was significantly reduced in RKO cells at protein level (Fig. 2B ). Also, the mRNA level of CHSY1 was decreased greatly by shCHSY1 in RKO cells. The knockdown efficiency was ~70%. Therefore, CHSY1 was successfully knocked down in the RKO cell line.
CHSY1 serves critical roles in the proliferation of colorectal cancer cells.
To examine the effects of CHSY1 knockdown on cell proliferation, we treated RKO cells seeded in a 96-well plate with shCHSY1 or shCtrl and monitored the cells for 5 consecutive days with Cellomics. As shown in Fig. 3A , the GFP intensity in the shCtrl group was higher than that in the shCHSY1 group, which indicated that RKO cells treated with shCtrl underwent significant expansion after culture for 5 days. This was further supported by Fig. 3B and D. The cell number in the shCtrl group doubled compared to that in the shCHSY1 group. In addition, CHSY1 was effectively reduced in SW480 cells (Fig. 3C) , and the proliferation of SW480 cells was inhibited after CHSY1 knockdown (Fig. 3D) . Therefore, we hypothesized that CHSY1 was essential for cell proliferation in colorectal cancer.
Knockdown of CHSY1 induces apoptosis in RKO cells.
In tumor cells, apoptosis was often suppressed by a driver gene. Not surprisingly, we found that decreased expression of CHSY1 increased cell apoptosis in RKO cells. As demonstrated in Fig. 4A and B, the apoptosis rate of cells treated with shCtrl was 5.09%, whereas it was 14.15% in the shCHSY1 group. The difference between the two groups was significant (P<0.05). Then, the activity of caspase-3/7 was determined in RKO cells, and the activity of caspase-3/7 in the shCHSY1 group was approximately 6-foldthat in the shCtrl group (Fig. 4C) . The above data suggested that CHSY1 played important roles in the apoptosis of RKO cells.
CHSY1 regulates NFκB and caspase-3/7 signaling in RKO cells.
To elucidate the mechanism by which CHSY1 affects cell proliferation and apoptosis in colorectal cancer, we determined the critical signaling molecules in proliferation and apoptosis. As shown in Fig. 5 , expression of the anti-apoptotic molecule Bcl-2 was decreased after CHSY1 was knocked down in RKO cells. In contrast, the level of the pro-apoptotic molecule Bax increased significantly, and the level of truncated caspase-3/7 was also increased. Additionally, we found that the phosphorylation level of IκB was decreased, whereas total IκB was increased after CHSY1 knockdown. Moreover, the expression of NFκB was also reduced. Conversely, overexpression of CHSY1 increased the level of NFκB and the phosphorylated level of IκB; however, total IκB expression was decreased. Moreover, Bcl-2 was upregulated, whereas Bax and truncated caspase-3/7 levels were reduced. Therefore, we hypothesized that CHSY1 regulated cell proliferation and apoptosis via regulation of the NFκB and/or caspase-3/7 signaling pathway in RKO cells.
Discussion
Colorectal cancer is one of the most common malignant diseases in the world and threatens the life of humans. The most effective weapon against colorectal cancer is just a scalpel, but we are currently losing the war. One of the major causes of the poor prognosis in colorectal cancer is the heterogeneity of the cancer (21) . Although a number of factors have been identified, none are able to fully explain the formation or progression of cancer. In this study, we demonstrated that CHSY1 was expressed more highly in colorectal cancer tissues and colorectal cancer cell lines than in control tissues and lines. Moreover, higher CHSY1 expression was associated with a worse 5-year survival rate. These data indicate that CHSY1 may play critical roles in the progression of colorectal cancer. In a previous study, CHSY1 was significantly upregulated in stage I colorectal cancer but not in stage II or III (14) . In this study, we showed that CHSY1 was more highly expressed in both stage II and III colorectal cancer tissues than in the adjacent normal control. The difference may be partially attributed to the origin of the tumor tissues. However, a large cohort of patient tissues was necessary to clearly explain this paradox and to confirm the discovery in this study.
Nearly all types of cancers are characterized by rapid expansion and evasion from drug-induced apoptosis (22) . Here, we showed that CHSY1 was essential for the proliferation of colorectal cancer cell lines, including RKO cells and SW480 cells. The NFκB signaling pathway was often activated in tumors and promoted cell proliferation (23, 24) . In RKO cells, the level of NFκB and phosphorylated IκB was decreased, whereas total IκB was increased after CHSY1 knockdown. Conversely, CHSY1 overexpression increased the level of NFκB and phosphorylated IκB in RKO cells. In tumors, IκB was phosphorylated and separated from the NFκB molecule. When the level of phosphorylated IκB decreased, NFκB was bound by IκB, and the expression of downstream genes was inhibited (25) . Therefore, CHSY1 suppressed cell proliferation via regulation of the NFκB signaling pathway in colorectal cancer.
Additionally, in RKO cells, CHSY1 could suppress cell apoptosis, which may partially account for the poor prognosis of colorectal cancer patients. The major mechanism of a large number of chemotherapeutic drugs in the clinic is apoptosis (26, 27) . Generally, chemotherapeutic drugs further clear remaining cancer cells by inducing cell apoptosis after the surgical removal of solid tumor tissues, and patients do benefit from this treatment. However, a small cohort of cancer cells is able to evolve and evade the apoptosis induced by drugs.
Apoptosis is a programmed cell death process, and the caspase cascade response is active when apoptosis begins. In general, the activity of caspase-3/7 is greatly enhanced in the apoptosis process (28, 29) . In this study, CHSY1 was shown to contribute to the anti-apoptotic ability of RKO cells, and caspase-3/7 was highly activated after CHSY1 was knocked down in RKO cells. Furthermore, we found that Bcl-2 was decreased, whereas Bax increased after knockdown of CHSY1. Bcl-2 is an antagonistic gene of apoptosis (28) , but Bax often promotes the progression of apoptosis (28, 29) . The expression pattern suggested that caspase-3/7-mediated apoptosis signaling was activated when CHSY1 was knocked down in RKO cells.
However, these results were just based on RKO cells. And it is necessary to confirm the role of CHSY1 in another cell line such as SW480 cells. Also, the in vivo function of CHSY1 gene in colorectal cancer will be explored and the dominant molecular mechanism of CHSY1 in colorectal cancer will be an emphasis in future.
In summary, we demonstrated that CHSY1 played a tumor-promoting role in colorectal cancer by regulating the NFκB and/or caspase-3/7 signaling pathway. Additionally, this study suggests that CHSY1 is a potential target for colorectal cancer therapy.
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